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FIBER-METAL COMPOSITES 

by J. W. Weeton and R. A. S ignore l l i  

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio 

INTRODUCTION 

Although s t ronger  and b e t t e r  conventional mater ia ls  a r e  always i n  
the  off ing and always w i l l  be i n  demand, composite mater ia ls  may of fer  t h e  
only hope of achieving c e r t a i n  space age requirements. 
unusual propert ies  expected from such f i b e r  bearing products, but it i s  
expected that they may ul t imately be made economically be mass production 
techniques. Design of composites u t i l i z i n g  the  unique o r  unusual mechanical 
and physical propert ies  of f i b e r s  would appear desirable .  
however, a more in t r igu ing  p o s s i b i l i t y  e x i s t s ;  namely, t h a t  composites may 
evolve with time and considerable research and development e f f o r t  and 
t h a t  they w i l l  have propert ies  far b e t t e r  than would be expected from the  
individual  propert ies  of t h e  consti tuents comprising t h e  composites (a  

- large synerg is t ic  e f f e c t ) .  
has been completed or  that i s  underway a t  t h e  NASA Lewis Research Center. 
An e f f o r t  w i l l  be made, however, t o  review and present the  work of others  
t h a t  per ta ins  t o  some of the points tha t  are t o  be made. This i s  p a r t i c -  
u l a r l y  t r u e  i n  those cases where e i t h e r  fundamental concepts must be 
embellished o r  where outstanding high s t rength  meta l l ic  matrix-composite 
mater ia ls  have been produced by others.  
such fundamentals a s  f r a c t u r e  mechanisms and s t rength  relat ionships .  
type of base l i n e  f o r  comparison i s  needed t o  determine whether the  
composite equals o r  exceeds the  poten t ia l  expected based upon the  propert ies  
of t h e  f i b e r s  and matrix mater ia ls .  
t o  f i b e r  and matrix propert ies  u t i l i z i n g  a law-of-mixtures equation, t h a t  

be considered a "first  approximation" because it i s  possible t h a t  the  
mechanical propert ies  of the  composite may be r e l a t e d  t o  a host of 
meta l lurg ica l  f a c t o r s  r a t h e r  than the known s t rength  of the  const i tuents .  
Thus deviations from the  l a w  of mixtures may be r e l a t e d  t o  such f a c t o r s  as 
r e l a t i v e  s t r a i n  hardening r a t e s  of matrices and f i b e r s ,  r e l a t i v e  moduli 
of e l s s t i c i t y ,  r e l a t i v e  creep rates ( f o r  high temperature conditions),  
i n t e r f i b e r  spacing, or ien ta t ion  e f fec ts ,  sii-ess zcncentrationsz and r e l a t i v e  
contract ion of mater ia ls  during elongation (Poisson r a t i o  e f f e c t s  i n  
t e n s i l e  appl ica t ions) .  
be discussed. 

Not only a re  
cu 
5 
W Beyond t h i s ,  

This paper i s  concerned l a r g e l y  with work t h a t  

Consideration w i l l  be given t o  
Some 

Composite propert ies  have been r e l a t e d  

'is, a pr inc ipa l  of combined act ion.  The law-of-mixtures re la t ionship  should 

Some of t h e  fac tors  causing deviations w i l l  a l s o  

LAW-OF-MIXTURES BEHAVIOR 

This re la t ionship  was f i rs t  shown t o  be v a l i d  f o r  t e n s i l e  s t rengths  
of meta l l ic  matrix systems i n  references 1 and 2, wherein a copper-matrix 
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was reinforced wi th  tungsten f i b e r s  . Subsequently, the l a w  -of -mixtures 
re la t ionship  was extended and shown t o  r e l a t e  the  y i e l d  s t rengths  and the  
moduli of e l a s t i c i t y  of volume percentages of f i b e r s  (using tungsten f i b e r s  
embedded i n  a copper matrix) i n  t h e  composite f o r  both continuous and 
discontinuous specimens ( r e f .  3 ) .  
references 1 t o  3 w i l l  follow. 

A review of the work presented i n  

The studies were conducted a t  the Lewis Research Center. Composites 
consis ted of tungsten f i b e r s  embedded i n  a copper matrix. This system was 
se lec ted  because copper and tungsten a r e  mutually insoluble ,  because molten 
copper wets tungsten, because tungsten has a high r e c r y s t a l l i z a t i o n  temperature, 
and because tungsten has a much grea te r  s t rength  and modulus than does 
copper. F i r s t ,  the case of continuous reinforcement w i l l  be considered, i n  
which the f i b e r  extends t h e  f u l l  length of t h e  tes t  sect ion.  

Bundles of tungsten f i b e r s  were placed i n  a. tube so t h a t  a l l  t h e  f i b e r s  
were oriented i n  a d i rec t ion  p a r a l l e l  t o  the t e n s i l e  ax is .  The wires were 
i n f i l t r a t e d  with molten copper. I n f i l t r a t i o n  was c a r r i e d  out i n  various 
atmospheres including vacuum a.nd hydrogen. The cross sec t ion  of a t y p i c a l  
specimen i s  shown i n  f i g u r e  1. The s t rength  of such composites were found 
t o  be represented by the  following equation: 

where 

u u l t i m a t e  t e n s i l e  s t rength  

A a rea  f rac t ion  or  volume f r a c t i o n  when uni ty  length  i s  considered and 

Af + = A, = 1 
* 
urn s t r e s s  on matrix, taken from s t r e s s - s t r a i n  curve, a t  equivalent s t r a i n  

t o  tha t  a t  which ult imate t e n s i l e  s t r e n g t h  of f i b e r  i s  achieved 

and the  subscripts a r e  

c composite 

f f i b e r  

m matrix 

Figure 2 shows some t y p i c a l  s t r e s s - s t r a i n  curves f o r  tungsten,  copper, 
and tungsten-fiber-reinforced copper composites. 
copper c a r r i e s  only a minor s t r e s s  (8000 p s i )  compared with t h e  tungsten f ibe r ,  
which c a r r i e s  over 300,000 pounds per square inch. Figure 3 shows a Plot  
of ult imate t e n s i l e  s t rength  versus volume percent of tungsten f i b e r  f o r  
5-mil tungsten-fiber-reinforced copper composites. 
obtained f o r  3- and 7-mil-diameter wires, and a l l  of these  data a r e  discussed 
i n  more d e t a i l  i n  reference 3. 

It may be seen tha t  the  

Similar  curves were 

The s t r a i g h t  l i n e  of f i g u r e  3 extends from 
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the  t e n s i l e  s t rengths  of the  tungsten f ibers  (thermally t r e a t e d  t o  duplicate 
the  treatment given the f i b e r s  by the i n f i l t r a t i o n  process used) t o  the s t r e s s  
car r ied  by the copper matrix. Note, however, t h a t  the  copper s t r e s s  used 
i s  the  s t r e s s  on the  matrix, taken f romthe  s t r e s s - s t r a i n  curve, a t  an 
equivalent s t r a i n  t o  that at which the  ultimate t e n s i l e  s t r e n g t h  o f t h e  f i b e r  
was achieved. (See t h e  def in i t ions  given f o r  eq. (1). ) The dashed portion 
of t h e  curve a t  the  l e f t  ind ica tes  the  range of volume percent f i b e r  
content over which the f i b e r  does not contribute t o  t h e  t e n s i l e  s t rength  of 
the  composite. The f i b e r  breaks before the maximum load of t h e  composite 
i s  reached. The in te rsec t ion  of t h e  dashed l i n e  and t h e  s o l i d  l i n e  may be 
termed t h e  c r i t i c a l  volume percent and is  defined as t h e  lowest volume 
percent f i b e r  content where f i b e r s  break as the  maximum load carrying 
capaci ty  of the  composite i s  reached. Thus the t e n s i l e - s t r e n g t h  - law- 
of-mixtures re la t ionship  does not apply t o  composites containing volume 
percentages of f i b e r s  below t h e  c r i t i c a l  percentages. Another point could 
be made from t h i s  f igure;  namely, t h a t  some of t h e  composite mater ia ls  a r e  
very s t rong.  For example, a t  50 volume percent of f ibers ,  the  t e n s i l e  s t rength 
of t h e  composite i s  over 150,000 pounds per square inch. A t  75 percent, 
the  s t rengths  a r e  over 250,000 pounds per square inch. 

Figure 4 shows the  same curve obtained previously both experimentally 
However, and by ca lcu la t ion  using equation (1) f o r  the  continuous f i b e r s .  

t h e  data points on t h i s  curve represent ult imate t e n s i l e  s t rengths  obtained 
from composites re inforced with discontinuous f i b e r s .  I n  these composites, 
f i b e r s  were cut i n t o  3/8-inch lengths .  They were or iented i n  the d i rec t ion  
of t h e  specimen ax is  and i n f i l t r a t e d  i n  the  same manner as was done f o r  the 
f u l l - l e n g t h  f i b e r s .  Composite specimens containing a maximum of 41  volume 
percent f i b e r s  were made b y t h i s  method. 
c lose t o  the  previously obtained curve. This, of course, was very 
encouraging because it permitted a prediction t h a t  discontinuous, o r  
short- length f i b e r s ,  such as whiskers o r  other s t rong mater ia ls ,  could be 
embedded i n  the matrix mater ia ls  and be expected t o  contr ibute  s i g n i f i c a n t l y  
t o  t h e  s t rength  of t h e  composite. I n  f a c t ,  f o r  many p r a c t i c a l  composites, 
u l t imate ly  t o  be made, s t rengths  obtainable f o r  specimens with r e l a t i v e l y  
s h o r t  f i b e r s  are expected t o  be within experimental accuracy of those 
obtained f o r  continuous f i b e r s .  

The data  p o i n t s  fell f a i r l y  

Figure 5 shows t h e  four s tages  of s t r e s s - s t r a i n  behavior of the composits 
during t e n s i l e  t e s t i n g ,  Evidence was presented i n  reference 3 t o  indicate  
tht S U C ~  hehzvinr occurred i n  t h e  tungsten-fiber - copper-matrix mater ia ls .  
For very low percentages of s t r a i n ,  both the  f i b e r  and the  matrix would be 
e l a s t i c  ( s tage  I ) .  
would s t i l l  be e l a s t i c  and the  matrix would become p l a s t i c  ( s tage  11); 
continuing t o  elongate the  composiie, 
t h e  matr ix  remains p l a s t i c  ( s tage  111). 
begin t o  break (s tage  I V ) .  The f a c t  tha t  composite curves d i d  not f a l l  off  
i n  s t r e n g t h  very rapidly indicated that  the segments of the  f i b e r s  t h a t  had 
f r a c t u r e d  were s t i l l  re ta ined  and bonded t o  the matrix and reinforced the 
m a t e r i a l  by ac t ing  as short- length f ibers .  

A s  the  mater ia l  would be s t r a i n e d  f u r t h e r ,  the  f i b e r  

E b c r z  t h e n  h e ~ n m e  plRStiC and 
A t  some point  the  f i b e r s  would 
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Some of t he  experimental work, which ind ica ted  t h a t  t he  composites had 
four stages of behavior, as indicated i n  f igu re  5, a re  presented i n  f igures  
6 t o  8. Figure 6 shows the  dynamic modulus of e l a s t i c i t y  obtained by sonic 
techniques. 
modulus of e l a s t i c i t y  of t he  composites re inforced with e i t h e r  continuous 
or discontinuous f i b e r s .  
the  composite and the  volume f r a c t i o n  of t h e  f i b e r s  i s ,  of course, a law- 
of-mixtures re la t ionship .  

The r e s u l t s  represent s tage I behavior and i s  the  i n i t i a l  

The l i n e a r  r e l a t ionsh ip  between the  modulus of 

I n  considering Stage I1 behavior, it i s  necessary t o  examine the  
s t r e s s - s t r a i n  curves of t he  composites i n  s tage I1 and t h e i r  component phases 
a t  s t r a i n s  l a r g e r  than those representing only t h e  e l a s t i c  behavior of t h e  
l e a s t  e l a s t i c  component. It was shown t h a t  t h e  copper s t r e s s - s t r a i n  curve 
deviates  f rom propor t iona l i ty  a t  about 0.03 percent s t r a i n .  
s t r a i n ,  copper deforms p l a s t i c a l l y  and exhib i t s  an almost f l a t  or hor izonta l  
s t r e s s - s t r a i n  curve. The slope of t he  composites were shown t o  decrease 
i n  going from the  f i rs t  l i n e a r  slope i n  t h i s  s t ra in- reg ion  of s t r e s s - s t r a i n  
curves t o  the second almost l i n e a r  region a t  somewhat higher s t r a i n s .  A 
l i n e a r  secondary slope would not be expected f o r  a composite with a matrix 
t h a t  d id  not exhib i t  a l i n e a r  s t r e s s - s t r a i n  curve i n  the  region of p l a s t i c  
s t r a i n  of the matrix. This port ion of t he  curve on the  schematic diagram 
( f i g .  5) i s  termed secondary modulus of e l a s t i c i t y .  Again, as was t h e  case 
f o r  t h e  i n i t i a l  modulus curve, t h e  secondary modulus of e l a s t i c i t y  obeyed a 
l i n e a r  re la t ionship  with f i b e r  content ( f i g .  7 ) .  These values were 
measured with extensometers. A t  zero volume percent f i b e r s ,  t h e  curve 
extrapolated t o  a value equal t o  the  approximate slope of t he  p l a s t i c  por t ion  
of the  s t r e s s - s t r a i n  curve of copper. A t  100 percent f i b e r  content,  t he  curve 
extrapolated t o  a value equal t o  the  modulus of e l a s t i c i t y  of tungsten.  
This indicated t h a t  t he  matrix was p l a s t i c  and t h e  f i b e r  e l a s t i c  i n  s tage  11. 

Above t h i s  

A s  t he  composite was s t r a ined  fu r the r ,  t he  f i b e r  a l s o  became p l a s t i c  
( s tage  111). 
port ion of the s t r e s s - s t r a i n  curves of t he  composites. The s t r e s s  a t  0 . 2  
percent of fse t  was determined by drawing a l i n e  p a r a l l e l  t o  t h a t  por t ion  of 
the  curve where the  f i b e r s  were e l a s t i c  and t h e  matrix was p l a s t i c  ( s t age  I1 
port ion of curves).  Again, t he  data  poin ts  f a l l  on a s t r a i g h t  l i n e ,  and t h e  
Curve extends from t h e  y i e l d  s t r eng th  of t h e  copper t o  t h e  y i e l d  s t r eng th  of 
the  tungsten. Thus, y i e l d  s t rengths  a l s o  obeyed a law-of-mixtures re la t ionship .  

Figure 8 shows the  y i e l d  s t rengths  obtained from the  s tage  111 

It i s  evident by inspect ion of the  s t r e s s - s t r a i n  curves of t he  composite 
specimens of f igure  2 t h a t  with continuing s t r a i n  t h e  composites reach t h e i r  
ul t imate  s t rength.  After  the attainment of t h e  ul t imate  s t rength ,  some 
f i b e r s  f rac ture  within the  composite ( s t age  I V ) .  
f i b e r s  i n  a composite would not be expected t o  occur simultaneously; with 
addi t iona l  s w a i n  af the  composite, other  f i b e r s  f r ac tu re  a t  random l o -  
cat ions along t h e i r  length.  Figure 9 shaws cracks t h a t  formed i n  f i b e r s  some 
distance away from the  main f r ac tu re .  Such f r ac tu res  would occur a f t e r  t h e  
ul t imate  s t rength of the composite was obtained, but  before the  f i n a l  f rac-  
t u r e  o f t h e  sPecYmen occurred. 

The f r ac tu r ing  of a l l  t he  

The segments of t he  f rac tured  f i b e r s  r e t a ined  
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t h e i r  bond with the  matrix and acted as short- length f i b e r s  re inforc ing  
t h e  composite. The la t te r  is  bel ieved t o  be the case because the composite . 
s t r e s s - s t r a i n  curves were very f l a t  o r  tapered off i n  s t r eng th  slowly 
r e l a t i v e  t o  the  s t r e s s - s t r a i n  curves f o r  t he  tungsten f i b e r s  alone, i n -  
d ica t ing  t h a t  t he  reinforcing was continued by the  f i b e r  segments. Elongation 
of t h e  composites w a s  g r ea t e r  than that of the  fibers t e s t e d  individual ly .  

I n  composite specimens, load i s  t ransfer red  from f i b e r  t o  f i b e r  by 
shear through the  matrix. 
load  t r a n s f e r  with discontinuous fibers i s  reduced compared with that of 
continuous f i b e r s .  
of t h e  matrix or matr ix-f iber  i n t e r f ace  r a t h e r  than t e n s i l e  f r ac tu re  of . 

f i b e r s .  The shear t r a n s f e r  of loads has been described previously f o r  
me ta l l i c  composites (refs. 1 t o  3) and f o r  glass-reinforced p l a s t i c s  
( r e f .  4 ) .  A schematic model i s  shown i n  f i gu re  10. 
f i b e r s  i n  the  composite are d i n e d  p a r a l l e l  t o  each other  and t o  the  t e n s i l e  
axis. It i s  assumed t h a t  t he  f i b e r s  overlap each other  by varying amounts 
and that they a r e  ind iv idua l ly  bonded t o  t h e  matrix.  
t h e  value of L/D or  t he  aspect r a t i o  necessary t o  f u l l y  u t i l i z e  f i b e r  
s t rength ,  was shown t o  be represented by t h e  equation 

The a rea  of matrix f i b e r  i n t e r f a c e  ava i lab le  f o r  

Therefore, care m u s t  be taken t o  prevent shear f a i l u r e  

The discontinuous 

Using t h i s  model, 

where 

L l e n g t h &  f ibe rove r l ap  needed t o  transmit shear s t r e s s  equal t o  
t e n s i l e  stress on f i b e r  

D diameter of f iber 

uf t e n s i l e  s t r eng th  of f i b e r  

z shear s t r eng th  of fiber-matrixinterfacial bond or  shear s t r eng th  of 
matr ix  ,whichever i s  less 

When the  e n t i r e  f i b e r  i s  embedded i n  the  matrix, t he  required f i b e r  
length  would be tGice the  value of L given above o r  

L c - - -  1 O f  
D - 2 2  (3) 

where Lc 
permit t h e  f i b e r  t o  contr ibute  i t s  t e n s i l e  s t r eng th  t o  t h e  matrix by shear .  
The o ther  terms a re  tne same as those r~uted foi- eqii&,is;; ( 2 ) .  (See fig. 11 
f o r  schematic i l l u s t r a t i o n . )  The midportion of f i g u r e  11 shows a schematic 
i l l u s t r a t i o n  of the t e n s i l e  s t r e s s  d i s t r ibu t ion  along a f i b e r  of c r i t i c a l  
l ength  embedded i n  the  matrix. This is  the  shortest  length  f i b e r  t h a t  
permits a stress buildup within the  f i b e r  t o  cause t e n s i l e  f r ac tu re .  The 
average s t r e s s  on a f i b e r  of c r i t i c a l  length i s  a l s o  i l l u s t r a e e d  and i s  

is  t h e  t o t a l  f i b e r  length; the minimum f i b e r  length  needed t o  
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equal t o  one half  of t he  s t r e s s  carrying capaci ty  of t he  f i b e r  material. 
This, of course, assumes t h a t  t he  buildup of s t r e s s  from the  end of the 
f i b e r  t o  the center  i s  l i n e a r .  The bottom port ion of t h e  f i g u r e  shows a 
f i b e r  tha t  i s  much grea te r  than the  c r i t i c a l  l ength  and a l s o  i l l u s t r a t e s  
how t h i s  a f f ec t s  t he  average s t r e s s  carrying capaci ty  of t h e  f i b e r .  
the  s t r e s s  i s  assumed t o  buildup l i n e a r l y  from each end t o  the  value t o  
cause t e n s i l e  f r ac tu re  of t h e  Tiber,  but  now a g rea t e r  proportion of t h e  
f i b e r  can carry t h e  fu l l  t e n s i l e  load. Thus, t h e  average s t r e s s  on the  
f i b e r  i s  considerably higher than the  average s t r e s s  on a f i b e r  of c r i t i c a l  
l ength  and, i n  f a c t ,  may approach t h e  average s t r e s s  of the  continuous 
f i b e r .  

Again 

Kelly and Tyson ( r e f .  5 )  derived a modified law-of-mixtures equation 
t h a t  showed t h e  r e l a t ionsh ip  between s t r eng th  of discontinuous-fiber 
composites and f i b e r  lengths .  
a l s o  bears a r e l a t ionsh ip  t o  the  aspect r a t i o  and thus the  equation shows 
the  importance of l ength  and/or aspect r a t i o .  

It should be remembered that the  f i b e r  length  

The equation i s  as fol lows:  

where 

0 

vf 

U 

1 

U 

1 - Vf 

L 

L C  

1 

uc = U f V f ( 1  - L) + &(l - V f )  
2a 

t e n s i l e  s t r eng th  

volume f r a c t i o n  of f i b e r s  o r  same as 

ac tua l  f i b e r  l e n g t h / c r i t i c a l  f i b e r  length,  L/Lc 

same as t h a t  f o r  u of eq. (1) 

vm, volume f r a c t i o n  of matrix o r  

ac tua l  f i b e r  length  

f i b e r  length  needed t o  permit f i b e r  t o  cont r ibu te  i t s  t e n s i l e  

Af of eq. (1) 

* 

of eq. (1) 

st rength t o  composite, that i s ,  c r i t i c a l  f i b e r  length  

(4) 

Equation (4) ind ica tes  t h a t  discontinuous length  f i b e r s  w i l l  not 
contr ibute  100 percent of t h e i r  s t r eng th  t o  t h e  Composite. On the  o ther  
hand, with lengths many times the  c r i t i c a l  l eng th  ( l a r g e  aspect r a t i o s )  t h e  
values calculated a r e  e f f e c t i v e l y  t h e  equivalent  of values obtained with 
continuous f ibe r s  (eq. (1)). 
f i b e r  s t rength would be contributed; with an 
t h e  f i b e r  s t rength could be u t i l i z e d .  It i s  be l ieved  t h a t  it w i l l  prove 
r e l a t i v e l y  easy t o  produce composites with f i b e r s  having 
such t h a t  b e t t e r  than 90 percent of t he  f i b e r  s t r eng ths  w i l l  be usable. 

For example, with L/Lc = 10, 95 percent of 
L/Lc = 100, 99.5 percent of 

L/Lc -values 

Values of t he  c r i t i c a l  l ength  o r  length-to-diameter r a t i o  were found 

Such a procedure would seem t o  give a 
experimentally by determining the  maximum leng th  of a f i b e r  that can be 
pul led  out of t h e  matrix ( r e f .  6 ) .  
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very d i r e c t  method f o r  determination of t h e  c r i t i c a l  length-to-diameter 
r a t i o .  Results of such an experiment are shown i n  f i g u r e  1 2 .  Here t h e  
stress required e i t h e r  t o  break the  wire o r  t o  p u l l  it from a piece of 
copper i s  p lo t ted  as a funct ion of twice the  length  of t h e  port ion embedded 
i n  the  matrix divided by the  diameter. The point a t  which t h e  curve of 
f igure  1 2  bends over and becomes horizon$al i s  the c r i t i c a l  length-to-diameter 
r a t i o  s ince t h i s  i s  a point a t  which the shear s t rength  of t h e  matrix o r  of 
the  i n t e r f a c e  i s  equal t o  the s t rength  of t h e  f i b e r .  When t h i s  length  i s  
exceeded, the  f i b e r  f r a c t u r e s .  

Kelly and Tyson obtained curves such as those shown i n  f i g u r e  13 f o r  
specimens t e s t e d  a t  d i f fe ren t  temperatures and f o r  d i f f e r e n t  sizes of 
wires.  
length-to-diameter r a t i o s  were calculated.  
the  e f f e c t s  of increasing temperature upon the  c r i t i c a l  length-to-diameter 
r a t i o  but  a l s o  t h e  e f f e c t s  of temperature on the  shear s t r e n g t h  of the  
matrix at  t h e  f iber-matr ix  i n t e r f a c e .  
u t i l i z a t i o n  of equation (3) and the  obtained c r i t i c a l  length-to-diameter 
r a t i o s .  The calculated shear s t rengths  decreased with increasing 
temperature, as would be expected, and the  need f o r  the u t i l i z a t i o n  of 
l a r g e r  length-to-diameter r a t i o s  at elevated temperatures was made evident.  
The f i b e r  t e n s i l e  s t rength  and t h e  matrix shear s t rength  both decreased 
with increasing temperature. However, the copper shear s t rength  decreased 
a t  a much higher r a t e .  This would be expected s ince t h e  copper i s  at  a 
much higher f r a c t i o n  of i t s  melting point.  Thus, matrix s t rength  plays 
t h e  predominant r o l e  i n  determination of required 
tungsten fiber-copper composites. These composites may be representat ive 
of high melting-point f i b e r s  embedded i n  low melting-point matrices.  

U t i l i z i n g  the slopes of such curves and the  L/D r a t i o s ,  t h e  c r i t i c a l  
They were ab le  t o  show not only 

The l a t t e r  was possible  with t h e  

L/D values f o r  t h e  

DEVIATIONS FROM LAW-OF-MIXTURES BEHAVIOR 

Some of t h e  f a c t o r s  or  phenomena t h a t  could conceivably produce 
synerg is t ic  e f f e c t s  i n  a composite ( i n  t h i s  case, p roper t ies  g r e a t e r  than 
those predictable  from law-of -mixtures calculat ions)  a r e  the  following: 
a l loy ing  react ions a t  the  f iber-matr ix  in te r face ,  surface strengthening 
of t h e  f i b e r  within the  matrix by healing or elimination of surface defects ,  
s i z e  e f f e c t s ,  crack interupt ion,  diss ipat ion of s t r e s s e s  a t  crack apex by 
d u c t i l e  matrix, blockage of cracks by strong f i b e r s ,  o r ien ta t ion  of grains  
a t  surfaces  of f i b e r s ,  o r ien ta t ion  of grains throughout f i b e r ,  r e s t r a i n t  
and cons t ra in t  of f i b e r  deformation by matrix, r e s t r a i n t  and cons t ra in t  
of matrix by f i b e r ,  thermal expansion ef fec ts ,  corrosion preveiitloii by 
matrix, and probably numerous other e f fec ts .  

X T - - -  -++i .... ~i + -hna very k U u L z  puurrurlru dz,ta exists te dzte t.het. indicates syn- 
e r g i s t i c  e f f e c t s  may be obtained by combining f i b e r s  i n  metal l ic  
matrices.  An example of possible improvements i n  composite s t rengths  above 
law-of-mixtures values has been published by Piehler  ( r e f .  7 ) .  The 
composites made by P i e u e r  consisted of s t e e l  f i b e r s  (0.8 percent C Piano 
wire) embedded i n  s i l v e r .  
sec t ion ,  p la ted  with varying thicknesses of s i l v e r ,  were packed together- 

Ful l - length f i b e r s ,  e i t h e r  7 o r  1 9  per cross 
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One of t h e  major considerations r e h t i v e  t o  the successful  f a b r i c a t i o n  
and use of composites i s  t h a t  of the  compatibil i ty of mater ia ls .  It has 

f i b e r s  and matrix mater ia ls  within composites during fabr ica t ion  and use 
may improve propert ies  of const i tuents  within the  composites and concurrently 
cause t h e  composite as a whole t o  be improved above expected values. 
Unfortunately, the  converse p o s s i b i l i t y  a l s o  e x i s t s ,  namely t h a t  react ions 
between materials can be deleter ious.  

I been mentioned that al loying and other metal lurgical  react ions between 

i n  a hexagonal stacking pa t te rn  i n  a s i l v e r  tube and consolidated by a 
.combined mechanical working and heat t rea . t ing procedure. 
t e n s i l e  s t rength of composites made by t h i s  method on a s t rength  versus volume 
percent basis.  
above t h e  l i n e  drawn between the t e n s i l e  s t rength of pure s i l v e r  and t h e  t e n s i l e  
s t rength of f i b e r s  ( f i b e r s  were dissolved from composites f o r  t e s t s ) .  
author a t t r i b u t e d  the  higher s t rength of the composites, r e l a t i v e  t o  the  l a w -  
of-mixtures l i n e ,  t o  constraint  and r e s t r a i n t  f a c t o r s ,  i n  p a r t i c u l a r  t o  the  
res t ra in ing  of loca l ized  necking of f i b e r s  by t h e  matrix. 

Figure 14  shows the 

It may be seen t h a t  t h e  t e n s i l e  s t rength  of the  composites f a l l  
. 

The 

It should be mentioned, however, t h a t  i t  i s  possible  t h a t  metal lurgical  
fac tors ,  other than r e s t r a i n t ,  c ~ u L d  have accounted f o r  the  apparent increase 
i n  properties above the law-of-mixtures values. 
a p o s s i b i l i t y  that  the  mater ia ls  used t o  represent the  matrix and f iber  
s t rengths  were not representat ive of t h e i r  counterparts within the composite. 

It i s  f e l t  t h a t  there  i s  

Between the  extreme possible e f f e c t s  noted above, t h a t  i s ,  e i t h e r  
la rge  synergis t ic  react ions o r  catastrophic  damage, t h e r e  may be varying 
degrees of improvement o r  damage t o  composite proper t ies .  For example, 
where mutually insoluable mater ia ls  a r e  combined there  may be no react ions 
or l o s s  or gain of s t rength r e s u l t i n g  from the  combinations. Even where 
al loying ef fec ts  o r  react ions take place,  the  react ions may be cont ro l lab le  
and resu l t ing  composites may have highly des i rab le  propert ies .  

A t  t h i s  time, no known evidence has been presented i n  t h e  l i t e r a t u r e  
t o  ind ica te  t h a t  the f i r s t  e f f e c t s  noted above have been obtained from 
al loying reactions occurring i n  composites. A s  the  second consideration, 
r e l a t i v e l y  few metal f iber-metal  matrix systems e x i s t  t h a t  would permit the  
creat ion of composites consis t ing of nonreactive mater ia l s  such as mutually 
insoluable const i tuents .  Ceramic-fiber-metal systems would, i n  many cases,  
be expected t o  be r e l a t i v e l y  nonreactive. On t h e  other  hand, i t  i s  known 
t h a t  under some conditions even the  most thermodynamically s t a b l e  oxides 
may dissolve i n  metal matrices.  I n  whisker bearing composites, too,  
r e a c t i v i t y  between whiskers and metal matrices could a l s o  prove de le te r lous .  

Further, i t  i s  almost a c e r t a i n t y  t h a t  some of the most in t r igu ing  
combinations of mater ia ls  (from a p o t e n t i a l  s t r e n g t h  s tandpoint)  w i l l  prove 
most d i f f i c u l t  t o  combine without having harmful reac t ions .  Rather than 
attempt t o  predict  such problems, inves t iga t ions  t h a t  have already been 
completed w i l l  be described. The problems encountered and some r e a d i l y  
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observable e f f e c t s  of react ions upon f i b e r  composite s t rengths  w i l l  be 
made evident.  

The f i rs t  inves t iga t ion  concerned with compatability problems that w i l l  
The pr inc ipa l  be described was conducted at the NASA Lewis Research Center. 

objective was t o  obtain an understanding of some of t h e  e f f e c t s  of a l loying 
on the  t e n s i l e  propert ies  of composites ( r e f .  8 ) .  
t h a t  i n i t i a l  work described e a r l i e r  was conducted with t h e  tungsten-fiber - 
copper-matrix system, and that these materials a r e  mutually insoluble  
(nonreactive).  
tungsten were added t o  copper, and t h e  resu l t ing  a l l o y  was i n f i l t r a t e d  about 
bundles of tungsten f i b e r s .  The i n f i l t r a t i o n  conditions were t h e  same as 
were used f o r  the  previ,ous work ( r e f .  3 ) .  Room temperature t e n s i l e  t e s t s  
were made of the  composites and a metallographic study of t h e  microstructure 
of the  f iber-metal  matrix in te r face  was conducted. The r e s d t s  were 
compared with those obtained i n  reference 3 i n  which copper was used as 
t h e  matrix. 

It should be r e c a l l e d  

Alloying elements with varying degress of s o l u b i l i t y  i n  

The t e n s i l e  s t rength  of some o f  the composites inves t iga ted  i s  
p l o t t e d  against  the  volume percent f i b e r  content i n  f i g u r e s  15 and 16 .  

Three types of react ion were found. t o  occur a t  the  f iber-matr ix  
in te r faces  within t h e  composites. The react ions t h a t  formed are believed 
t o  account f o r  the propert ies  of the materials presented i n  the  f igures .  
The react ions included (1) a diffusion-penetration react ion accompanied 
by a r e c r y s t a l l i z a t i o n  of the  grains  at t h e  periphery of t h e  tungsten f i b e r s ,  
( 2 )  a p r e c i p i t a t i o n  of a second phase i n  t h e  binder mater ia ls  near the  
periphery of the f i b e r ,  which did not cause r e c r y s t a l l i z a t i o n  of the  f i b e r ,  
and ( 3 )  a s o l i d  so lu t ion  react ion,  which did not cause r e c r y s t a l l i z a t i o n  
i n  t h e  f i b e r .  The r e s u l t i n g  react ions t h a t  occurred a t  the  f iber-matr ix  
i n t e r f a c e  a r e  a l s o  indicated.  It can be seen t h a t  the t e n s i l e  s t rength  
of t h e  al loyed composites were a l l  lower than t h a t  obtained for copper 
composites i n  which al loying w i t h  the  f i b e r  d i d  not occur. With 5 percent 
n icke l  added t o  the  copper, very l i t t l e  damage was done t o  the  s t rengths  
of t h e  composites. With 10 percent nickel,  a considerable reduction i n  
t e n s i l e  s t rength  was observed. Thus, it i s  evident t h a t  t h e  percent of 
a l loy ing  addi t ives  t o  a matrix m a t e r i d  may produce d r a s t i c  differences 
i n  t h e  proper t ies  of the  composites. 
observed was the  diffusion-penetration reac t ion  accompanied by recry- 
s t a l l i z a t i o n  of the f i b e r ,  which occurred with the copper-nickel and 
copper-cobalt matrix composites. 

The most damaging type of react ion 

Figure 15 a l s o  shows the  e f fec ts  of adding 10 percent zirconium t o  
t h e  zztr2.x ef -:zrfc~s ccq?cc i t e s -  Thprp is snme rediiction i n  the  s t rength 
of t h e  mater ia l ,  but  again as was the  case f o r  5 percent n icke l  addi t ives  
t h e  damage was r e l a t i v e l y  s l i g h t .  I n  the case of the  data  point represent- 
ing  t h e  33 percent zirconium addition, t h e r e  was a s igni f icant  lowering 
of t h e  t e n s i l e  s t rength  of the  composite r e l a t i v e  t o  t h e  t e n s i l e  s t rength  
of t h e  pure copper-tungsten composites. This was a t t r i b u t e d  t o  the  
b r i t t l e  nature  of the  matrix i t s e l f  ra ther  than t o  any al loying react ion 
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between t h e  matrix addi t ive (zirconium) and t h e  tungsten f i b e r .  

Figure 16 shows a strength-composition diagram f o r  copper-tungsten 
composites t o  which s m a l l  percentages of chromium or  columbium were 
added. These elements form s o l i d  solut ions with tungsten, and it was not 
possible t o  add l a r g e r  percentages of these mater ia ls  without r a i s i n g  the  
melting point above 2200° F. 
f a l l  very close t o  the l i n e  obtained f o r  the  pure tungsten-copper composites- 

A l l  of the  data points  f o r  these materials 

The microstructures of cross sect ions of some of the  composites 
s tudied a r e  shown i n  f igures  1 7  and 18. 
t o  copper d id  not cause the  formation of a v i s i b l e  react ion zone (recry-  
s t a l l i z a t i o n  zone) a t  the f iber-matr ix  i n t e r f a c e  ( f i g .  17 (a ) ) .  
s t ruc ture  of t h i s  specimen i s  i d e n t i c a l  i n  appearance t o  one that would 
be obtained if pure copper were the  matrix. The 10  percent addi t ion of 
nickel,  however, formed a la rge  react ion zone ( r e c r y s t a l l i z e d  zone) a t  
the  periphery of t h e  f i b e r  ( f i g .  17(b)  ) . 

The 5 percent nickel  addi t ion 

The micro- 

Tensile s t rengths  of the  copper-5 percent n icke l  composites were 
much higher than those obtained f o r  the  copper-10 percent n icke l  composites 
and were only s l i g h t l y  lower than s t rengths  of the  copper composites. 
lower t e n s i l e  s t rength  values %or the copper-10 percent composites was 
atkr ibuted t o  t h e  react ion zone formed with t h e  f i b e r .  A s  the  depth of 
penetrat ion or:size of the react ion zone increased the  t e n s i l e  s t rength  
of the  copper-10 percent nickel  composites were found t o  decrease. 

The 

Figures 17(c)  and ( d )  show the formation of r e c r y s t a l l i z e d  zones as 
A s  l i t t l e  as 1 percent a r e s u l t  of small additions of cobalt t o  copper. 

cobalt  additions t o  copper r e c r y s t a l l i z e d  t h e  tungsten f iber .  
composites a l so  were found t o  have t e n s i l e  s t rengths  much lower than that 
obtained f o r  t h e  pure copper matrix composites. 
as the  depth of penetration of t h e  a l loy ing  element i n t o  t h e  tungsten f i b e r  
increased, the t e n s i l e  s t rength  and d u c t i l i t y  decreased. It was shown f o r  
the copper-5 percent cobalt  system t h a t  low t e n s i l e  s t rength  and poor 
d u c t i l i t y  were not s o l e l y  due t o  the contr ibut ion of t h e  a l l o y  zone formed 
wi th  t h e  f i b e r  but a l s o  were due t o  t h e  b r i t t l e  nature of t h i s  zone and 
i t s  e f f e c t  upon the unalloyed port ion of t h e  f i b e r .  
tungsten wire i s  extremely b r i t t l e  a t  room temperature, the  r e c r y s t a l l i z e d  
zone of t h e  f i b e r  was believed t o  a c t  as a b r i t t l e  skin.  It was f e l t  
that  the  recrys ta l l ized  zone f rac tured  or cracked e a r l y  i n  the  t e n s i l e  t e s t  
and that t h e  crack acted as a circumferent ia l  notch around the  f i b e r .  
tungsten i s  known t o  be notch sens i t ive ,  t h e  formation of a notch by the  
b r i t t l e  a l l o y  zone would cause premature f a i l u r e  of t h e  unalloyed port ion 
of the  f ibe r .  
by a l loy ing  reactions at the i n t e r f a c e  between t h e  f ibe r  and t h e  matrix. 
These conclusions or  postulates  were made with the a i d  of the  p l o t  shown 
i n  f igure 1 9 .  
f i b e r s  embedded i n  a copper-5 percent cobal t  a l l o y  matrix) obtained from 
graphical extraploations of composite data  as a funct ion of the r e c r y s t a l l i z e d  

The 

It was a l s o  found that;  

Since r e c r y s t a l l i z e d  

Since 

Fibers  t h a t  a r e  notch s e n s i t i v e  might thus be r e a d i l y  damaged 

The graph gives values f o r  f i b e r  t e n s i l e  s t rengths  ( f o r  
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area of the  f i b e r .  
( a l s o  f i b e r  b r i t t l e n e s s )  a re  indicated i n  the  f igure  also.  
centage of the recrys ta l l ized  f i b e r  zone increases ( i .e . ,  as depth of 
r e c r y s t a l l i z a t i o n  increases) ,  the f i b e r  s t rength  decreased. 
though, a t  a given point (about 30 percent r e c r y s t a l l i z a t i o n )  the  propert ies  
f e l l  off  a t  a rate grea te r  than t h a t  which would be expected if the  damage t o  
the  s t rength  of the  f i b e r  were i n  direct  proportion t o  the  a rea  of r e c r y s t a l -  
l i z a t i o n .  
indicated t h a t  the f i b e r  core which was r e c r y s t a l l i z e d  was being notch 
s e n s i t i z e d  during the  t e n s i l e  t e s t  as was noted above. 

Relative b r i t t l e n e s s  of the  various composite f r a c t u r e s  
A s  t h e  per- 

More important 

This, coupled with the change i n  d u c t i l i t y  of the  f rac tures ,  

Since many meta l l ic  f i b e r s  gain a considerable port ion of t h e i r  s t rength  
from mechanical deformation processes o r  from heat treatments both of which 
impart considerable s t r a i n  energy t o  the mater ia l ,  i% would not be surpr i s ihg  
i f ,  during incorporation of such f i b e r s  i n t o  a matrix, propert ies  of t h e  
f i b e r s  were reduced. 
or  mechanical treatments used t o  fabr ica te  the  composites as wel l  as by 
a l loy ing  reactions.  The f indings of t h i s  paper were encouraging t o  t h e  
authors i n  t h a t  they showed that very highly s t r e s s e d  f i b e r s  would not 
necessar i ly  be severely damaged by al loying react ions.  
a l loying addi t ions made t o  t h e  matrix lowered the s t rengths  of the composites, 
some al loying elements d id  no more than s u p e r f i c i a l  damage t o  the  f i b e r s  
at temperatures a t  which other elements d i d  severe damage t o  the  f i b e r s .  

The work of Cratchley ( r e f .  9 )  w i l l  show some i n t e r e s t i n g  s t rength-  

A reduction i n  properties could r e s u l t  from thermal 

Although a l l  of the  

to-aspect r a t i o  re la t ionships  and a law-of-mixtures behavior. 
of i n t e r e s t  i s  a s t a i n l e s s - s t e e l  f iber-reinforced aluminum-matrix mater ia l .  

The composite 

A s o l i d - s t a t e  s i n t e r i n g  method was used t o  f a b r i c a t e  t h e  composites. 
The temperature u t i l i z e d  (550' C )  was low enough t o  minimize reac t ion  a t  
the f iber-matr ix  in te r face .  
1:and 2 inches i n  length  were used. 
length f i b e r  re inforced composites t o  f u l l - l e n g t h  f i b e r  composites. 

Wires, 2 and 5 m i l s  i n  diameter and 1/4, 1/2, 
The composites ranged from shor t -  

Figure 20 shows a p lo t  of the  t e n s i l e  s t rength  against  the  volume 
percents of f i b e r s  f o r  one of t h e  types of composites made by Cratchley. 
The f i b e r s  i n  t h i s  case were 2 - m i l  f ibers  t h a t  were 1 / 2  inch long. 
s t a i n l e s s  s t e e l  contained 18 percent chromium, 9 percent nickel ,  and 
0.6 percent titanium. 
ranged from approximately 6 t o  14. It should be pointed out t h a t  it 
is d i f f i z - d t  tc inzsr2~rate k r g e  rr~li~me percentages of shor t  - length 
f i b e r s  i n  t h e  matrix, as may be recal led from the  work t h a t  was done i n  
references 1 t o  3. 
would extend t o  a value of t e n s i l e  strength almost exact ly  equivalent 
t o  the  s t rengths  of the  f i b e r s  that he u t i l i z e d  (rig. 20) .  
then appeared t o  obey a law-of-mixtures re la t ionship .  
though t h e r e  may have been a very minor reac t ion  a t  the  i n t e r f a c e  be- 
tween t h e  f i b e r  and t h e  matrix. 
eliminated deleter ious e f f e c t s  from an  i n t e r f a c e  react ion i f  there  were any. 

The 

The volume percentages of f i b e r s  i n  these composites 

An extrapolat ion of t he  curve presented by Cratchley 

The ciaia 
This was t r u e  even 

The procedures u t i l i z e d ,  however, 
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Cratchley also showed some of the effects of differing aspect ratio 
uFon the strength of composites. 
against volume percent of composites containing fibers of different length- 
to-diameter ratios. With an aspect ratio of 830, the extrapolated strength 
of the fiber was approximately equal to the known strength of the fiber as 
determined individually, which would indicate that this material was 
essentially obeying a law-of-mixtures relationship. 
that decreasing fiber diameter increased the efficiency of reinforcement 
for a given fiber length. 

Figure 21 shows a plot of the tensile strength 

Cratchley also observed 

HIGH TEMPERATURE STRENGTHS OF FIBER COMPOSITES 

Most of the research and development progra.ms rehting to fiber-reinforced 
metal composites have been concerned with short time, low temperature 
properties. It will be shown in the ensuing section that the elevated 
temperature potential of fiber-reinforced metal composites should be most 
exciting to the high temperature metallurgist f o r  both short and long time 
applications. 

Tensile Strengths of Composites at Elevated Temperatures 

An understanding of the strengthening mechanisms for fiber reinforcement 
at elevated temperatures was felt to be a requisite to permit the design of 
"high-temperature" composites. To gain an insight into the high temperature 
behavior of materials, a tungsten-fiber - copper-matrix model system 
(mutually insoluble materials) was again used as a basis for comparison 
(ref. 10). 
uniaxially oriented. In addition, tungsten fibers were also embedded in 
matrices of copper-2 percent chromium and copper-10 percent nickel alloys. 
Tensile tests were run at temperatures ranging from room temperature to 
1800' F. 
indicated that chromium, which formed a solid solution at the tungsten- 
matrix interface, did not reduce room temperature tensile properties 
significantly. Nickel, in the copper-base matrix, on the other hand, severly 
damaged the fibers by causing recrystallization. 
properties at elevated temperatures with previously obtained room tem- 
perature results would permit not only a comparison of behavior of a mutually 
insoluable materials system but systems with "damaging" and "nondamaging" 
reactions. 

Fibers extended the full length of the specimens and were 

Previous studies described earlier (see also ref. 8) had 

A comparison of the 

Elevated and room temperature tensile test results for the materials 
tested at temperatures of 300°, 600°, 900°, 1200°, 1500°, and 1800' F are 
presented in figures 22 to 24. Figure 22, which represented tungsten fibers 
in a pure copper matrix indicates that, for temperatures up to 1200' F, 
the law-of -mixtures relationship has been observed. Individual fiber 
strengths were difficult to obtain accurately at temperatures above 1200 
because of difficulties in controlling the test apparatus atmosphere. There- 
fore no data are shown for the fiber strengths at 1500° and 1800' F. 

F 
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Presumably, the "straight-line" of the figures would extrapolate to the 
fiber strengths at these temperatures, also. Figure 23 gives test results . 
for both tungsten-fiber-reinforced copper (dashed line) and the tungsten- 
fiber-reinforced copper-2 percent chromium alloy (solid line). 
for the specimens tested at room temperature with the alloy matrix are 
almost identical with the curve for the pure copper-tungsten composite. It 
is very interesting then to notice that, at elevated temperatures too, the 
composite strengths fall almost on the law-of-mixtures curve for the pure 
copper-tungsten composite. The fiber strengths that are given in figure 
23 are obtained from specimens digested from the copper-chromium matrix. 
The diameters of these fibers increased slightly as a result of the diffusion 
of chromium into the fiber and the formation of a chromium rich layer at 
the fiber periphery..' Dissolving the matrix did no noticeable damage to the 
fibers that were embedded in the copper-chromium alloy matrix. 

The curves 

A contrasting picture from that noted above for chormium was obtained 
with the tungsten fibers embedded in the copper-10 percent nickel matrix 
(fig. 24). 
the strengths of the copper-nickel matrix - tungsten-fiber composites were 
much lower than the strengths of the pure copper-tungsten composites 
(fig. 24). However, when the temperature was raised to 300' F (fig. 24) 
the tensile strengths of the composites were increased relative to the 
room temperature strengths (fig. 24). Presumably, the test temperatures 
above 300' F were above the brittle-to-ductile transition temperature of 
the fibers. Unlike the situation that existed for the chromium bearing 
matrix composites, the copper-nickel-tungsten fiber composites were 
appreciably weaker than the copper-tungsten fiber composites at all test 
temperatures. Atbempts to obtain the strength of the tungsten fibers (with 
the recrystallized zone resulting from the nickel) by dissolving the matrix 
and extracting and testing the fibers failed. 
that they failed in handling, actually shattering in most cases. 
polation of the composite strength versus volume percent fiber curves 
presumably would give both the strength of the matrices of the composites as 
well as the strengths of the fibers. 

First, at room temperature, as was noted in the earlier studies, 

The fibers were so brittle 
Extra- 

Figure 25 summarizes the strengths against test temperatures for fiber 
specimens, for 70 percent fiber composite specimens of the copper-tungsten 
composites, for the copper-2 percent chromium-tungsten fiber composites, 
and for the copper-10 percent nickel-tungsten fiber composites. 

The importance of the shear strength of tne matrix has piyeviouslj- k e a  
shown for discontinuous fiber composites tested at room temperature. Since 
the strength of the matrix may decrease rapidly with increasing 
~e111pera,~us-t:, the  zced to provide s&eqzte  shear 1 ength of the fiber-matrix 
interface becomes more acute as the temperature is raised. The drastically 
reduced fiber length necessary at elevated temperatures to prevent pull-out 
of fibers from the matrix may be seen in figure 26. The figure also shows 
the minimum L/D 
copper matrix for a range of temperatures (ref. 6). 

1 ------.L _ _ _ _ _  

necessary to avoid pull-out of a tungsten fiber from a 
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I n  addition, it w i l l  be shown t h a t  a misalignment of f i b e r s  i s  a 
fur ther  source of concern with discontinuous f iber-reinforced composites, 
par t icu lar ly ,  i n  those cases whene the matrix i s  weak. Effects  of f i be r  
length and orienkation on the  elevated temperature t e n s i l e  behavior of 
discontinuous tungsten f iber-reinforced copper composites a r e  being s tudied 
a t  t h e  Lewis Research Center ( r e f .  11). 
length on t e n s i l e  propert ies  t h a t  have been determined t o  date a r e  shown 
i n  f i g u r e  27. Plots  of t e n s i l e  s t rengths  f o r  coptinuous and discontinuous 
f i b e r s  with an L/D 
using equation (4),  which assumes perfect  a x i a l  alignment of f i b e r s .  
Comparison of the  curves shows an expected decrease i n  e f f ic iency  of re inforce-  
ment with decreasing length of f i b e r .  
an L/D = 200, the data points  f a l l  f a i r l y  close t o  the  calculated curve. 
I n  t h e  specimens containing f i b e r s  Fiith an L/D = 100, t h e r e  i s  a considerable 
s c a t t e r  of d a t a  with severa l  points  wel l  below the  calculated l i n e .  
believed that  the  lower s t rengths  resu l ted  from an increased misalignment 
t h a t  might be expected with shor te r  f i b e r s .  
s t rengths  with misalignment was obtained by an examination of t h e  f a i l e d  
specimens. Figure 28 shows a specimen with alignment adequate enough t o  
cause t e n s i l e  f a i l u r e  of the specimen. Also shown i s  a specimen where 
misalignment caused a shear f a i l u r e  of t h e  matrix. Figure 29 i s  a 
schematic showing how the  s t r e s s  on a composite m y  vary with t h e  or ien ta t ion  
of the  f ibers .  It a l s o  i l l u s t r a t e s  the  f a i l u r e  modes t h a t  would be expected 
f o r  different  or ientat ions of f i b e r s .  This f igure  was constructed from 
t h e  equations of Stowell and Liu ( r e f .  1 2 ) ,  which were a l s o  presented by 
Kelly and Davies ( r e f .  13) .  

The e f f e c t s  of decreasing the  f i b e r  

r a t i o  of 200 and 100 a r e  shown. The curves a r e  calculated 

I n  the  case of the specimens with 

It i s  

A cor re la t ion  of t h e  low 

For a small misalignment of t h e  f i b e r s  from t h e  a x i a l  d i rec t ion  t h e  
t e n s i l e  s t rength increases s l i g h t l y .  This increase r e s u l t s  from the  f a c t  
t h a t  the  f i b e r s  a re  or iented i n  a d i rec t ion  t h a t  requires  a g r e a t e r  force 
than the a x i a l  s t r e s s ,  ( i . e . ,  t o  t h e  f i b e r s )  t o  f r a c t u r e  them. Also, the  
matrix between the f i b e r s  i s  or iented i n  such a manner t h a t  it i s  s t rong 
enough t o  support a shear load capable of f r a c t u r i n g  t h e  f i b e r s  i n  t h e  
d i rec t ion  of t h e  or ien ta t ion .  Further  misorientat ional  leads  t o  shear 
f a i l u r e  of the matrix, which i s  indicated by the drop i n  t h e  curve with 
increasing misorientation. 
f igure  28. It would be expected t h a t  a t  45' the  resolved shear s t r e s s  
would be a maximum and the composite s t r e s s  would be a minimum. A s  the  
angle i s  increased above 45O, t h e r e  i s  a tendency t o  s t r e s s  t h e  matrix 
alone i n  tension r a t h e r  than shear,  which would cause t e n s i l e  f a i l u r e  of 
the  matrix. 

A shear f a i l u r e  was p i c t o r i a l l y  shown i n  

Stress-Rupture Strength 

When it comes t o  creep or s t ress - rupture  proper t ies ,  t h e r e  a r e  almost 
no data available f o r  f i b e r s .  Paradoxically, some of the  most immediate 
foreseeable applications of f iber-reinforced mater ia ls  a r e  f o r  aerospace 
turbine materials with a t t r a c t i v e  high temperature creep-rupture 
propert ies ,  rather than f o r  high temperature, high t e n s i l e  s t rength  

I 
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mater ia ls .  Since creep i s  an elongation process a t  a much slower r a t e  
than that which occurs during a t e n s i l e  t e s t ,  some similarities i n  the 
behavior of a f i b e r  composite under creep conditions t o  t h e  behavior under 
t e n s i l e  conditions might be expected. On t h e  other  hand, the  constant 
loading during rupture t e s t s  i s  d i f fe ren t  from t h e  s t e a d i l y  increasing load  
conditions of a t e n s i l e  test .  

To gain an ins ight  i n t o  the  behaviors of such composites, it was f e l t  
t h a t  t he  strengthening mechanisms associated with t h e  reinforcement of 
meta l l ic  matrices by f i b e r s  f o r  creep-rupture conditions should be s tudied.  
The program at  t h e  Lewis  research Center was expanded t o  include an 
inves t iga t ion  of s t ress - rupture  behavior of tungsten reinforced copper 
composites. The rupture work has been conducted on tungsten reinforced 
copper composites a t  1500' F. 
or iented.  It should be emphasized t h a t  although t h i s  work i s  just beginning, 
the  results seemed s ign i f i can t  enough t o  descr ibe a t  t h i s  time. Further- 
more, a discussion of t h i s  work w i l l  complete the  summary of t he  "model" 
or  mechanism s tud ie s  that have been conducted a t  t h e  Lewis Research Center. 

Fibers  were continuous and unia.xially 

Tungsten-fiber-reinforced copper composites were s t ress - rupture  t e s t e d  
a t  a temperature of 1500° F (-0.8 m p  of Cu) . Figure 30 shows some cross 
p l o t s  of data very recent ly  obtained f o r  fu l l - l eng th ,  f i b e r  composites 
un iax ia l ly  or ien ted  ( r e f .  1 4 ) .  The s o l i d  port ions of t h e  curves i n  t h i s  
f igu re  a r e  cross p l o t s  representing the volume percent of f i b e r s  s tud ied  
and t h e  s t r e s s  and rupture t i m e  data obtained t o  date.  
obtained f o r  given composite stresses and were related t o  volume percent 
f i b e r  and rupture t i m e .  From suclnplots, t h e  s t r e s s e s  f o r  rupture  i n  1-, 
lo-, loo-, and 1000-hours-were obtained as a funct ion of f i b e r  content.  
Tests were run i n  pu r i f i ed  helium. 
f i b e r s  were obtained from Lewis Research Benter s t ress - rupture  t e s t s  
( r e f .  15). It was very encouraging t o  note t h a t  t h e  law-of-mixtures r e l a t ionsh ip  
appl ied over the  e n t i r e  port ion of the curves (up t o  volume percentages of 
about 70 t o  75 percent) .  
a wide composition range, law-of-mixtures types of p l o t s  may be u t i l i z e d  
t o  pred ic t  t he  s t rengths  of composite materials i n  s t ress - rupture .  

Data were i n i t i a l l y  

The upper data poin ts  f o r  100 percent 

A s  a first approach, t he  curves ind ica te  t ha t  f o r  

DEVELOFMENT OF FIBER-FLEZNFORCED ENGINEERING MATERIALS 

The mater ia l  presented previously i n  t h i s  paper has been concerned 
Model systems have with approaches of a r e l a t i v e l y  fundamental nature.  

been ciiscussed, aiid s t ~ e n g t h c c i ~ g  ~ ~ h s r ~ i s m s  were presented. 
t he  work that has been done, materials combinations were se lec ted  t o  avoid 
o r  minimize reac t ion  between f i b e r  and matrix materials. 

I n  most of 

With the bes t  t echnica l  knowledge tha t  i s  ava i iab ie  re la t ive i u  
materials considered f o r  composites, it i s  possible  t o  consider producing 
a composite mater ia l  t h a t  w i l l  have useful proper t ies .  Some of the  numerous 
at tempts  made t o  produce f iber-reinforced composites u t i l i z i n g  a developmental 
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approach w i l l  be presented i n  t h e  next severa l  f i gu res .  
examples of some of t h e  problems t h a t  might be encountered i n  combining 
mater ia l s  f o r  engineering composites w i l l  be i l l u s t r a t e d .  

I n  addi t ion,  

Some typica l  problems that may be encountered a re  i l l u s t r a t e d  i n  t h e  
next two f igures .  Figure 31 shows a microstructure of some tungsten f i b e r s  
embedded i n  a columbium-nickel matrix. The reac t ion  that  occurred a t  the  
periphery of the  f i b e r  apparently had not damaged the  f i b e r  by r e c r y s t a l -  
l i z a t i o n  phenomena ( r e f .  8 ) .  I n  t h i s  case, t he re  appears, however, t o  have 
been s t r e s s  cracking i n  the  matrix and a penetrat ion of these  cracks i n t o  
the  f i b e r s .  I n  f a c t ,  t h e  s t r e s s e s  were s o  g rea t  t h a t  i n  one case ( i n  the  
r i g h t  hand photograph) the  f i b e r  i t s e l f  has been completely severed. 
Figure 32 shows a cross-sectional microstructure of some tungsten f i b e r s  
embedded i n  a cobal t -a l loy matrix (S-816)( ref. 8 ) .  I n  t h i s  case, t h e  
l i q u i d  matrix t h a t  was used i n  an attempt t o  i n f i l t r a t e  t h e  f ibers tp lus  
the  high temperature has p a r t i a l l y  dissolved t h e  f i b e r  and completely 
r ec rys t a l l i zed  that port ion of t he  f i b e r  not dissolved. Furthermore, t he  
matr ix  became highly al loyed with the  cons t i tuents  of t h e  f i b e r .  To 
minimize such r e a c t i v i t y  between the  f i b e r  and t h e  matrix, various 
cor rec t ive  s teps  might be taken. For example, where a . f a i r l y  long time 
(1 hour) was used f.or the  i n f i l t r a t i o n  and consolidation process noted 
abovejthe time could be reduced. Another s t e p  might be t o  e l ec t rop la t e  or  
form a diffusion b a r r i e r  of some s o r t  about t he  periphery of t he  f i b e r  p r i o r  
t o  i n f i l t r a t i o n .  
by f igu re  33. I n  t h i s  case, tungsten f i b e r s  a r e  embedded i n  powdered n i cke l  
and the  consolidation process was accomplished by s o l i d - s t a t e  s i n t e r i n g  
the  composite. 
a l i q u i d  i n f i l t r a n t  had previously done considerable damage t o  the  periphery 
of tungsten f ibe r s .  It is  i n t e r e s t i n g  t o  note t h a t  t h e  s o l i d - s t a t e  
s i n t e r i n g  of tungsten f i b e r s  i n  a pure n icke l  matrix caused very l i t t l e  
reac t ion  t o  OCCUT a t  t h e  periphery of t he  f i b e r  a t  the  same temperatures 
t h a t  were used f o r  t he  l i q u i d  i n f i l t r a t i o n  s tud ie s .  I n  f a c t ,  no r e c r y s t a l -  
l i z a t i o n  of the f i b e r  was noted. 

S t i l l  another method of avoiding the  reac t ion  is  i l l u s t r a t e d  

It should be r eca l l ed  t h a t  small percentages of n i cke l  i n  

Sol id-s ta te  s i n t e r i n g  has a l s o  been u t i l i z e d  successfu l ly  by other  
inves t iga tors .  Cratchley and Baker ( see  f i g .  34), f o r  example, dipped 
SiOz f i b e r s  i n  aluminum and produced a coating of aluminum about t he  f i be r  
( r e f .  1 6 ) .  They then packed these i n  a hot press  d i e  and consolidated the  
composite using pressure and temperature. 
ul t imate  t ens i l e  s t rengths  a t  room and e leva ted  temperatures tha t  were very 
high. A product such as t h i s  has many engineering po ten t i a l s ;  f o r  example, 
i n  gas turbine engines. 
approximately120,OOO pounds per square inch, and high strengths were 
maintained t o  over 300° C. 
was described previously ( see  p. ll), had embedded s t a i n l e s s - s t e e l  f i b e r s  
i n  an aluminum matrix by a similar hot press ing  process.  Such mater ia ls ,  
too,  a l s o  could be u t i l i z e d  as engineering ma te r i a l s  ( see  f i g .  20).  

The composites s o  produced had 

St ress  carrying capac i t i e s  of these  composites were 

Cratchley, i n  some e a r l i e r  work ( r e f .  9 )  which 

I n  some work done by Jech, Weber, and Schwope ( r e f .  17), powder 
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metallurgy processes were combined w i t h  mechanical working processes t o  
produce molybdenum reinforced t i tanium a l loy  composites. Figure 35 i s  a I 

sketch of the  working methods t h a t  were u t i l i z e d  t o  produce these composites. 

Fibers  t h a t  were 0.1 t o  0.25 inch long were blended o r  b a l l  mil led 
with e i t h e r  pure t i tanium powder or  a t i tanium a l l o y  powder (Ti-6Al-4V). 
The randomly or iented molybdenum f i b e r s  so  blended were then vacuum s in t e red  
along with the  t i tanium o r  a l l o y  mat r ix  and extruded. 
p a r t i a l l y  or iented the  f i b e r s  as shown. The mater ia ls  were then hot ro l l ed .  
The r o l l i n g  process or ien ted  t h e  f i b e r s  considerably; i n  f a c t ,  the  f i b e r s  
were elongated t o  as much as 6 inches in  t h e  f i n a l  composite and reduced 
from 10 t o  2 m i l s  i n  diameter. Tensile s t rength,  as  a funct ion of 
temperature and volume percent f i b e r ,  are given i n  f i g u r e  36 f o r  molybdenum- 
reinforced t i tanium a l l o y  matrix composites. A t  a l l  temperatures indicated,  
t he  high temperature t e n s i l e  s t r eng th  is  considerably above t h a t  of t h e  
s t r eng th  of the  a l loy .  

The extrusion 

Some s t ress - rupture  s t rengths  f o r  t h e  molybdenum-reinforced t i tanium 
mater ia l s  were a l s o  presented by Jech, Weber, and Swope i n  reference 1 7 .  
These results a re  shown i n  f i g u r e  37. 
rupture l i v e s  obtained at 800° and 1000° F at a s t r e s s  l e v e l  of 20,000 
pounds per  square inch. 
increased by a f a c t o r  of 10 a t  t h e  lower temperature and by a f a c t o r  of 
1000 at  t h e  higher temperature. 

There the  bar  graphs represent  

With only 10  volume percent f i b e r s  t he  l i f e  was 

Recently Baskey presented r e s u l t s  obtained from numerous experiments 
on f iber - re inforced  super a l loys  or high temperature a l l o y  mater ia ls  
( r e f .  18). 
added as reinforcements were powders of cobal t ,  L-605, N i - C r ,  and s t a i n l e s s  
s teel .  
i n  o thers ,  and some mater ia ls  were worked subsequent t o  t h e i r  i n i t i a l  
f ab r i ca t ion .  Room temperature and 2000° F t e n s i l e  t e s t s  were made of these  
materials. Figure 38 represents  some of t h e  r e s u l t s  obtained from hot 
pressed mater ia l s .  When 10-mil-diameter tungsten f i b e r s  were added t o  
a Nichrome matrix, t h e  s t rengths  a t  room temperatures of t h e  composites 
were decreased r e l a t i v e  t o  the  Nichrome. A similar s i t u a t i o n  was t r u e  f o r  
a matr ix  of L-605. When a pure c o b a l t m a t r i x  was used and a small amount 
of f i b e r s  were added, t h e  proper t ies  were lowered ( t h i s  was t r u e  f o r  both 
continuous and f o r  random f i b e r s ) .  
however, t h e  s t rengths  were increased considerably. 
containing 33 volume percent was Turtner  r u i i e t j .  o r  iriec1-iaiiicdJ.y worked, the 
s t r eng th  was f u r t h e r  increased by an appreciable amount. 
pointed out that these  s tud ies  were exploratory or preliminary i n  nature and 
t h a t  f a h r i c e t . i n n  prnhlems arose i n  some cases t h a t  prevented t h e  attainment 
of expected room temperature s t rengths .  

Some of t h e  matrix materials t o  which tungsten f i b e r s  were 

Products were hot pressed i n  some cases, cold pressed and s in t e red  

With l a r g e r  volume percents of f i b e r s ,  
When a composite 

It should be 

However, e levated temperature tests at 2000' F of t he  same types of 
materials showed t h a t  t he  composites were much s t ronger  than t h e  matrix 
ma te r i a l  ( f i g .  39 ) .  This was t r u e  even though only a small volume f r a c t i o n  
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of f ibe r s  was used. This represents t he  second case where elevated temperature 
tes t  r e s u l t s  f o r  f iber-reinforced materials were r e l a t i v e l y  b e t t e r  than 
low temperature t e s t  values. 
( re f .  l o ) ,  which a l s o  involved tungsten f i b e r s ,  but  a d i f f e ren t  matrix 
( see  f i g s .  2 4 ( a )  and ( b ) ) .  
than d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  temperature of t he  f i b e r s ,  it might be 
expected t h a t  one of the main problems associated with the  use of tungsten,  
namely, i t s  b r i t t l e n e s s  a t  room temperature, would have been eliminated. 

The f i rs t  case described was t h a t  of Petrasek 

I n  cases where the t e s t  temperatures a r e  grea te r  

A novel method, that has been under inves t iga t ion  t o  produce composites Of an 
engineering nature, i s  the  method of d i r ec t iona l  s o l i d i f i c a t i o n  of cast ings.  
Recently, Ford, Hertzberg, and Lemke ( r e f .  1 9 )  have published r e s u l t s  t h a t  
show some ideal ized microstructures produced by cas t ing  an aluminum a l l o y  
with a fibrous aluminum-nickel in te rmeta l l ic  compound ( A 1 3 N i )  i n  the  matrix.  
Figure 40 shows a cross  sec t ion  and longi tudina l  sec t ion  of such a micro- 
s t ruc tu re .  Usually t h e  problem associated with cont ro l l ing  a microstructure 
i s  t h a t  ingotism ( s o l i d i f i c a t i o n  associated with mold o r  cast ing conditions) 
prevents t he  arrangement of t h e  phases i n  i dea l i zed  manner. Also,  f i b e r -  
l i k e  growths, such as those shown i n  t h i s  f i gu re ,  w i l l  usua l ly  not occur 
without special  s o l i d i f i c a t i o n  techniques. 
and p a r a l l e l  o r  lamellar  p l a t e - l i ke  s t ruc tu res  i n  d i f f e ren t  a l loys .  

The authors have grown both rods 

The above-mentioned inves t iga tors  ( r e f .  1 9 )  a l s o  have grown f i b e r s  of 
chromium i n  a chromium-copper eu tec t i c  a l loy .  
s t rengths .  
obtained by digesting the  copper-rich matrix from such a eu tec t i c .  
t e n s i l e  s t rength of t he  whisker exceeded a mi l l ion  pounds per square inch. 
It i s  too  ear ly  t o  speculate how f a r  such cas t ing  approaches may be varied,  
but from an academic standpoint,  as wel l  as a po ten t i a l ly  p r a c t i c a l  one, t h e  
work i s  most in te res t ing .  
Research Center i n  which ceramic and re f rac tory  compound f i b e r s  were made 
by extrusion w i l l  be discussed b r i e f l y  ( r e f s .  20 and 21). 
composites t o  be described a r e  not s u f f i c i e n t l y  developed t o  be considered 
usefu l  as engineering mater ia ls  today, ind ica t ions  have been obtained t h a t  
t h i s  method shows considerable promise. 

These f i b e r s  have whisker 
Figure 4 1  shows a s t r e s s - s t r a i n  curve f o r  a "whisker", which was 

The 

F ina l ly  some recent work done a t  the  Lewis 

While the  

I n  the  f i r s t  of two s tudies ,  tungsten was used as a matrix, and 
re f rac tory  oxide o r  r e f r ac to ry  compound f i b e r s  were formed by an " i n  s i t u "  
f ab r i ca t ion  process. 
with the  powdered oxides o r  compounds shown i n  t a b l e  I. I n i t i a l  compositions 
ofconst i tuents  and nominal p a r t i c l e  s i z e s  a r e  a l s o  given i n  the  t a b l e  along 
with melting points and dens i t ies  of cons t i tuents .  Blended powders were 
cold pressed and s in te red  i n t o  b i l l e t s .  B i l l e t s  were extruded a t  a 
temperature of 4200' F a t  reduction r a t i o s  ranging from 8:1 t o  20:l. 
Most of the specimens were extruded a t  a r a t i o  of 8:l. This work was done 
t o  observe whether it was possible  t o  elongate the  compounds during the  
extrusion process o r  whether t he  compounds reac ted  with the  tungsten,  o r  
both.  It was suggested i n  reference 20 t h a t  " i n  s i t u "  extrusion of a f igure  
o r  a ceramic i n  a matrix has severa l  inherent  advantages. 
there  is  a poss ib i l i t y  t h a t  f i b e r s  s o  produced may be given s t rengths  t h a t  

Composites were made by blending tungsten powders 

For one thing,  
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have never been given t o  t h e  mater ia l  by conventional methods of s i n t e r -  
ing o r  fabr ica t ion .  The bond between t h e  f i b e r  and the  matrix would be 
expected t o  be exce l len t ,  and perhaps the flow pa t te rns  within the  f i b e r s  
would be completely d i f f e ren t  from what they would be i n  a d i e  or under 
other  f ab r i ca t ion  circumstances. I n  addi t ion,  f i b e r s  made by these  methods 
would not be touched o r  damaged by handling, nor would they be a f f ec t ed  by 
atmospheres other than t h e  metal i n  which they a r e  extruded. 

Some of the  composites that formed f i b e r s  or  elongated ceramics a r e  
shown i n  f igu re  42. 
as a basis f o r  comparison ( f i g .  4Z(a ) )  and a t y p i c a l  cross sec t ion  t h a t  
could be representat ive of a l l  t he  f ibered products shown i n  f i g u r e  42(b) .  
Figures 42(c)  t o  ( f )  a r e  a l l  oxides t h a t  have been f ibe red  a t  t h e  extrusion 
temperature. The length-to-diameter r a t i o s  f o r  some of t he  oxides i n  the  
composites a re  indicated i n  f igu re  43 and were measured f rm photomicro- 
graphs and show that  s ign i f i can t  elongation of t he  oxides and t h e  n i t r i d e  
mater ia l s  was obtained. Some s t ress - rupture  proper t ies  of these  mater ia ls  
a r e  shown i n  f igu re  43 f o r  a temperature of 3000° F. The s t r e s s e s  t o  give 
100-hour rupture l i v e s  f o r  the  d i f f e ren t  mater ia ls  a r e  shown. The s t rength  
increments due t o  the  addi t ion  of the  f ibered  zirconia ,  yttr ia,  and t h e  
hafnia were s l i g h t  s ince  t h e  s t rength of t he  f i n a l  products was only 
s l i g h t l y  g rea t e r  than the  s t r eng th  of the tungsten.  I n  t h e  case of t he  
specimen with hafnium n i t r i d e ,  however, the property increase was subs t an t i a l .  
A t  l e a s t  two e f f e c t s  may have contributed t o  the strengthening of t h i s  
composite other than f iber ing;  one, a dispersion e f f e c t  and the other  an 
a l loy ing  e f f e c t .  
a r e  under study. For a f i r s t  approach, however, it was f e l t  t h a t  the  
success obtained i n  ac tua l ly  elongating these mater ia l s  was s i g n i f i c a n t  
enough t o  warrant f u r t h e r  s tud ies  and was exc i t i ng  i n  i t s e l f .  It i s  i n t e r e s t i n g  
a l s o  that  t h e  extrusion process used, including t h e  proper s e l ec t ion  of 
b i l l e t  "can" ( container)  design permitted an elongation of such mater ia ls  
as a carbide and a boride.  Some of the  same oxides, as wel l  as d i f f e ren t  
oxides were then added t o  sof ter ,  more duc t i le  matrix mater ia l s  and 
extruded ( r e f .  21) .  
composites. These r e s u l t s  a r e  of a preliminary nature ,  but  nevertheless,  
mater ia l s  with a columbium matrix containing zirconium oxide f ibe red  
products a r e  considerably s t ronger  than columbium. The products have not 
reached t h e  s t rengths  obtained by t h e  a l loy  F-48, a t y p i c a l  high s t rength  
a l l o y  of columbium, but again as a first approach it i s  f e l t  t h a t  the  
property increases  have been s ign i f i can t .  Additional work i s  underway and 
more w i l l  be presented i n  tne  fu ture .  

The microstructure of unreinforced tungsten i s  shown 

Ways t o  determine which of t he  e f f e c t s  noted are predominant 

Figure 44 represents t h e  s t r eng th  of some of these 

It should be obvious that the  mater ia ls  that have j u s t  been discussed 
BTC x t  2:: 3 f s x  ::hi& C I P E  he 1j.Sed as engineering mater ia l s  today. S t r ides  
that have been made are very s igni f icant ,  but  considerable work must be done 
t o  permit such mater ia ls  t o  be fabricated i n t o  ac tua l  components. 
i n t e r e s t  and e f f o r t  i n  these areas  a r e  so  g rea t  tha t  it i s  almost 
axiomatic t h a t  workable, usable materials w i l l  r e s u l t  i n  t he  near fu ture .  

The 
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POTENTIAL OF FIBER-METAL COMPOSITES 

So much has been s a i d  about the p o t e n t i a l  of f iber-reinforced composites 
t h a t  it would. seem almost redundant t o  discuss the  matter f u r t h e r .  Yet, 
t h e  fundamental work t h a t  has been done along with the  development e f f o r t s  
described i n  t h i s  paper have generated severa l  concepts which might be 
worth considering. 
f iber-reinforced composites w i l l  depend i n  la rge  measure upon t h e  ult imate 
s t rength  o r  other propert ies  of f i b e r s  t h a t  might be produced. 
however, there a r e  many "unknowns". 
a c t u a l  strengths might be produced i n  such f ibrous mater ia ls  as conventional 
metals, par t icu lar ly ,  a l loys ,  o r  i n  ceramics, hard metals or even semimetals, 
such as boron and carbon. Whiskers, of course, a r e  expected t o  have 
s t rengths  tha t  a re  close t o  the t h e o r e t i c a l  s t rength  of the  mater ia ls  and 
possibly w i l l  be the ult imate s t rength t h a t  w i l l  be achievable i n  a given 
type of mater ia l .  More w i l l  be s a i d  about the  whisker p o t e n t i a l  by other  
authors.  Possibly, polycrystal l ine f i b e r s  of d i f f e r e n t  types w i l l  be 
made t h a t  w i l l  have s t rengths  approaching whisker s t rengths .  

There i s  no question that t h e  ult imate p o t e n t i a l  of 

Here, 
It i s  not known, f o r  example, what 

Actually, severa l  types of f i b e r  mater ia ls  have been produced t o  
date t h a t  exhibi t  unusual s t rength.  Figure 45 shows some room temperature 
t e n s i l e  properties of severa l  types of polycrystal l ine f i b e r s .  Conventional, 
meta l l ic  a l loy  f i b e r s  a r e  indicated a t  the  l e f t  port ion of t h e  f igure .  It 
i s  in te res t ing  t h a t  one of the  s t rongest  meta l l ic  f i b e r s  t h a t  has been 
made i s  a s t e e l  wire t h a t  has a s t rength  of about 600,000 p s i  ( r e f .  2 2 ) .  
Numerous superalloy f i b e r s  have a l s o  been made, and some of these a r e  
considerably stronger as wires than they a r e  i n  bulk form. This i s  t r u e  
a l s o  a t  elevated temperatures. 
of the order of 300,000 ps i  ( r e f .  23).  
tungsten, molybdenum a l loys ,  columbium and tantalum, a l s o  have been 
shown t o  have high s t rength.  One of the  s t rongest  wires t h a t  has been 
produced i s  tungsten, which has a l s o  achieved a s t rength  of 600,000 p s i .  
( r e f .  24). 
other than conventional metals and a l loys .  These mater ia ls  may be 
c l a s s i f i e d  as ceramics, hard metals, and/or semimetals. 
mater ia ls  l i k e  SiOz and glass ,  f o r  example, s t rengths  of as much as 
800,000 p s i  have been achieved ( r e f .  2 5 ) .  
aluminum oxide and boron,strengths of half  a mi l l ion  p s i  have been obtained 
( r e f s .  26 and 27,  respect ively) .  
as much as 400,000 p s i  have been achieved ( r e f .  "28) .  

The s t rengths  of some superal loy f i b e r s  a r e  
Refractory metal f i b e r s  such as 

A t  the  r i g h t  are indicated some of t h e  s t rengths  of mater ia ls  

I n  the case of 

I n  t h e  case of f i b e r s  such a s  

I n  the  case of graphi te ,  s t rengths  of 

Under room o r  low temperature t e s t  conditions,  many d i f f e r e n t  types of 
f i b e r  products might have s t rengths  t h a t  a r e  similar i n  magnitude and 
very high. A t  elevated temperatures, however, depending on the s t a b i l i t y  
of the  d i f fe ren t  materials,  the  s t rengths  would be widely d i f f e r i n g .  
a l l  cases the  materials,  however, w i l l  lose  proper t ies  as the  temperature 
of t e s t  i s  increased. I n  some cases a thermal treatment alone causes a 
degradation of t h e  propert ies  i n  t h e  mater ia l s .  

I n  
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The conventional meta l l ic  mater ia ls  indicated i n  figure 45 owe 
t h e i r  propert ies ,  i n  p a r t ,  t o  working and, i n  p a r t ,  t o  microconstituents 
within the  materials.  
depends on the s t r a i n  energy retained i n  t h e  mater ia l  and t h e  s t a b i l i t y  
of the microstructures. 
generalized t h a t  a l loys  o r  mater ia ls  containing p r e c i p i t a t e s  o r  dispersoids 
would be expected t o  l o s e  s t rength  l e s s  rapidly with increasing temperature 
than r e l a t i v e l y  pure or  simple meta l l ic  materials. The mater ia ls ,  such as 
the  ceramics, hard metals, and semimetals, may gain t h e i r  s t rength  from 
other f a c t o r s  than s tored  energy. 
high s t rength  of these mater ia ls  at room and elevated temperatures. 
Ceramics, although they of ten  r e t a i n  s t rength a t  high temperatures, a l s o  
degrade i n  propert ies  with increase i n  temperature. Materials such as t h e  
semimetals, carbon and boron, would tend t o  reac t  with many meta l l ic  
matrix materials a t  high temperatures. Ways t o  circumvent some of the 
i n s t a b i l i t y  problems w i l l  be discussed subsequently. 

A good portion of the  s t rength  of the materials then 

Relative t o  t h e  conventional metals it may be 

No attempt w i l l  be made t o  explain t h e  

It s h o d d  be recognized t h a t  many metal l ic  fibers that have been made 
t o  da.te have been made f o r  other  purposes than reinforcement of metals. 
It is  believed t h a t  it w i l l  be n e c e s s a r y t o  develop new f i b e r  a l loys  tha t  
subsequently w i l l  be usable i n  composites. Similarly,  matrix mater ia ls  
m u s t  be al loyed o r  made of mater ia ls  t h a t  w i l l  permit t h e  f i b e r  t o  remain 
s t a b l e  within it. 
strengthened i n - s i t u  i n  the  matrix. 
must be done t o  f u l l y  c a p i t a l i z e  on the p o t e n t i a l  s t rength  of meta l l ic  
f i b e r s .  Ceramic, hard metal, and semimetals a l s o  w i l l  require  a grea t  dea l  
of work t o  develop f i b e r s  s p e c i f i c a l l y  f o r  reinforcement purposes. Some 
of these products might be developed by novel means, and it i s  e n t i r e l y  
possible t h a t ,  by reor ien t ing  the  c r y s t a l l i t e s  of such mater ia ls ,  o r  
o r i e n t a t i n g  the  const i tuents  within t h e  materials,  completely d i f f e r e n t  
products might be produced from those available today. 
mater ia ls ,  as ceramics, too,  is  another method f o r  producing a new 
generation of mater ia ls .  

Some f ibrous materials m u s t  have a capaci ty  f o r  being 
Certainly much development work 

Alloying such 

Since many of the  p o t e n t i a l l y  useful new combinations of f i b e r s  and 
matrix mater ia ls  may r e a c t ,  it w i l l  be necessary t o  a n t i c i p a t e  reactions.  
I n  some cases these react ions might be tolerable;  i n  others  they might have 
t o  be avoided. I n  many cases it would be i d e a l  i f  complete heterogeneity 
could be maintained between the matrix and the  f i b e r .  It i s  conceivable, 
although not demonstrated as ye t ,  t h a t  increases i n  propert ies  might r e s u l t  
fmix syncrgLatlz cffecte bt3t~:'eer. the  fth~rs a n d  the  matrix and permit the 
production of a composite mater ia l  with propert ies  far i n  excess of those 
that  might be predictable  from t h e  s t rength of the individual  mater ia ls .  
Materials such as ceramic (oxide) f ibers ,  which have unusually high negative 
f r e e  energies  of formation, would be expected t o  be more s t a b l e  i n  a given 
matrixthanwould mater ia ls  with lower negative f r e e  energy values.  Thus 
s t a b i l i t y  considerations would be somewhat analagous t o  those f o r  dispersion 
strengthened mater ia ls .  Hard metals or  semimetal f i b e r s  because of t h e i r  
r e a c t i v i t y  with many matrices, could conceivably be used i n  r e l a t i v e l y  
low melting materials where the exposure temperatures would never become 
grea t .  Or, they might require a diffusion b a r r i e r  o r  pro tec t ive  layer  
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t h a t  would prevent a react ion between the matrix f i b e r s  i n  higher use 
t m p e r a t u r e  materials. Diffusion b a r r i e r s  between f i b e r s  and matrices a r e  
going t o  prove necessary f o r  m a n y  f iber-metal  systems. 

The next f igure  ( f i g .  46) might be associated with t h e  s t a b i l i t y  of 
the  r e l a t i v e  materials comprising a zomposite. It i l l u s t r a t e s ,  schematically, 
concepts r e l a t i v e  t o  using a high melting point f i b e r  i n  a low melting Point 
matrix. The i l l u s t r a t i o n  i s  based on a c t u a l  data t h a t  e x i s t  today, f o r  
both model and developmental f iber-metal  systems. 
observed i n  reference 10  t h a t  involve the  embedding of tungsten f i b e r s  and 
copper, and tes t ing  them a t  elevated temperatures; r e f .  29, which involves 
t h e  embedding of aluminum oxide or sapphire whiskers i n  a s i l v e r  matrix;  
and the  incorporation of g lass  f i b e r s  i n  aluminum o r  i n  aluminum aLloys 
( r e f s .  30 and 31). 
p l o t  of the t e n s i l e  s t rengths  of a f u l l - l e n g t h  f iber - re inforced  composite 
versus homologous temperatures of the matrix. A t  t h e  t o p  of t h i s  f igure ,  
homologous temperatures of a t y p i c a l  f i b e r  a r e  presented. It i s  evident 
that a t  the melting point of t h e  matrix, which i s  of course a t  a homologous 
temperature of 1.0, the  f i b e r  i n  t h i s  composite would be a t  a homologous 
temperature of only 0.35. The resu l t ing  composite then would have 
s t rengths  maintainable t o  very high percentages of the  melting point of t h e  
matrix. To accomplish t h i s  type of strengthening f o r  high temperature 
mater ia ls ,  there must be some degree of heterogenity between the  f i b e r  and 
matrix material. The l e v e l  of the s t rength  of t h e  composite, r e l a t i v e  t o  
t h a t  of the  matrix, would of course depend on t h e  s t rength  of the  f i b e r s  
se lec ted  and the volume percent of the  f i b e r s  u t i l i z e d  and could be 
r e l a t i v e l y  more or l e s s  than i l l u s t r a t e d .  Where discontinuous f i b e r s  a r e  
used, i t  should be assumed t h a t  f i b e r  lengths would be g r e a t  enough s o  
t h a t  bond o r  matrix shear s t rengths  a t  t h e  f iber-matr ix  i n t e r f a c e  would not 
be exceeded. For composites t o  be used a t  low temperatures, the  melting 
point d i f f e r e n t i a l  between the  f iber  and the  matrix may not be as 
important as for  high use temperature composites. Such composites might 
be designed using s t rength  and densi ty  considerations r a t h e r  than melting 
point or thermal s t a b i l i t y  re la t ionships .  Possibly too, f ib rous  mater ia ls  
might be incorporated i n  meta l l ic  matrices having melting points  near ly  
equal t o  those of the fibrous materia.ls. Such composites could then be 
used a t  temperatures c loser  t o  the melting point  of the  f i b e r s .  Possible 
examples might be:  aluminum a l loys  i n  aluminum, copper a l l o y s  in- copper, 
a l l o y  s t e e l s  i n  iron and more corrosion r e s i s t a n t  weaker s t e e l s ,  superalloys 
i n  s t e e l s  and more corrosion r e s i s t a n t  a l l o y s ,  tungsten i n  tantalum, ceramics 
i n  re f rac tory  metals, and s o  f o r t h .  

Cases i n  point may be 

The i l l u s t r a t i o n  here i s  one based on a semilogarithmic 

Because time, temperature and s t r e s s e s  a r e  i n t e r r e l a t e d  parameters 
associated w r t h  the  high temperature propert ies  of mater ia l s ,  it i s  
d i f f i c u l t  t o  present a r e l a t i v e l y  concise, graphical ,  o r  p i c t o r i a l  
representation of the p o t e n t i a l  of high temperature f i b e r - r e i n f  orced 
composites. 
some of the elevated temperature poten t ia l s  of composites, alLoys, and 
dispersion strengthened mater ia ls .  Figure 47 w i l l  he lp  i l l u s t r a t e  the 
elevated temperature p o t e n t i a l  of f iber - re inforced  superalloys under 
t e n s i l e  conditions compared with dispersion strengthened or normally 

Nevertheless, an attempt w i l l  be made t o  i l l u s t r a t e  a t  least 

- 



23 

alloyed superalloy mater ia ls .  It should be emphasized a t  the  outset  
t h a t  the  values presented w i l l  not do just ice  t o  some of t h e  mater ia ls  
which a r e  b e t t e r  r e l a t i v e  t o  other materials f o r  long time high temperature 
appl icat ions.  It should a l s o  be emphasized t h a t ,  even though the curves 
t h a t  are presented p e r t a i n  t o  superalloy systems, s i m i l a r  sets of curves 
could a l s o  be drawn up for other  matrixsystems. For example, s i m i l a r  
s e t s  could be drawn up f o r  aluminum, copper, o r  re f rac tory  metal base 
mater ia ls .  I f  the  p l o t s  of f igure  47 and of such systems as those noted 
above were made using a homologous temperature sca le ,  t h e  s t r e s s  carrying 
capac i t ies  at given homologous temperatures of many of t h e  d i f f e r e n t  
mater ia ls  would be of t h e  same general  magnitudes. Even f i b e r  s t r e s s  
magnitudes would not be r a d i c a l l y  d i f fe ren t  from magnitudes of matrix 
s t rengths .  The comparisons of f igure  47 then, because they cover an a c t u a l  
use temperature range of grea t  i n t e r e s t ,  more graphical ly  i l l u s t r a t e  the  
r e l a t i v e  poten t ia l s  of the  d i f f e r e n t  types of mater ia ls .  

The curves representing the  superalloys should be considered the bas i s  
f o r  comparison. The lower of these curves represents  s t rengths  of a l loys  
present ly  developed. Developments i n  t h i s  area a re  d i f f i c u l t  t o  predict ,  
and s o  an a r b i t r a r y  25  percent s t ress- increase was assumed t o  be possible 
f o r  the  d i f fe ren t  temperature l e v e l s .  Even with no improvement i n  t e n s i l e  
propert ies ,  the s t rengths  shown by t h e  lower superalloy curve a r e  high 
r e l a t i v e  t o  the  best-known dispers ion strengthened n icke l  materials (e.g. ,  
TD-Ni represented by t h e  lowest curve) . Dispersion strengthened mater ia ls  
show up much s t ronger  i n  similar p l o t s  of rupture-strengths versus t e s t  
temperatures. 
i n  the  r e l a t i v e l y  near fu ture  may have propert ies  such as those given by 
the  next highest  curve. 
these s t rengths  do not exceed those of the conventionally produced a l loys .  
The p o t e n t i a l  s t rengths  of dispersion strengthened mater ia ls  may be 
ca lcu la ted  by equating (on homologous temperature b a s i s )  t h e  r a t i o  of S.A.P. 
aluminum s t rength  t o  pure aluminum strength t o  the r a t i o  of the desired 
dispers ion strengthened mater ia l  strength t o  t h e  matrix s t rength  (e .g . ,  
S .A. P. strength/Al 
s t r e n g t h ) .  
were then f u r t h e r  manipulated graphically t o  give values such as those 
shown i n  t h e  upper curve ( a t  low temperatures). 
are not expected f o r  such high melting point mater ia ls  as N i ,  although 
values calculatabile i n  similar manners may possibly be achieved f o r  long 
time s t ress - rupture  conditions.  Certainly, N i  o r  superal loy dispersion 
Strengthened mater ia ls  w i i i  be pruciuced zonsidzrz5ly S e t t e r  t h i n  t hnse  
avai lab le  today. 
by dispersoids  t o  y i e l d  b e t t e r  high temperature f i b e r s  than those a v a i l -  
---- ah10 f n d a y -  -____  Cnnsir lPr then t h e  two f i b e r  curves, which were calculated from 
s t rengths  of mater ia ls  known today. 
g r e a t e r  than  t h e  lower superalloy curve, because f i b e r s  s t ronger  than t h e  
matrix would be used. The high temperature port ion of the  curve should 
have values considerably grea te r  than those of t h e  next generation of 
superal loys o r  dispers ion strengthened mater ia ls .  With increasing f i b e r  
development ( i . e . ,  f i b e r s  f o r  incorporation i n t o  metals) such as might be 

A newer generation of dispersion strengthened mater ia ls  expected 

Except f o r  the  very high temperature conditions, 

s t rength  = N i  - dispersion strengthened material/Ni 
These values,  which may be questioned from s e v e r a l  standpoints,  

Such analogue-tensile s t rengths  

&en high temperature re f rac tory  f i b e r s  may be strengthened 

The lower curve would have t o  be 
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expected from refractory metal alloys, new polycrystalline ceramics, and 
coated reactive materials, the strengths represented by the upper fiber 
curves might be achieved. Such composites would have strengths of over 
200,000 psi at 20000 F. 

The long time high temperature (i.e., stress-rupture) possibilities 
for use of fibers may be illustrated with figure 48. 
design condition has been selected. 
such as those desired; namely, 15000 psi, 1000 hours, and 2000° F would 
be most desirable for air breathing gas turbines, for example, if it could 
be made oxidation resistant. 
8000 psi; wrought products are even less strong, Commercial TD-Ni has a 
strength of 7000 psi. Other Ni or superalloy base materials are expected 
from several sources that will meet the 15000-psi goal. With known fiber 
and matrix materials available today, the high strengths shown on the 
right-hand portion of the figure are possible. 

Here, a hypothetical 
A composite with mechanical properties 

The best superalloy properties today are about 

SUMMARY 

The law-of-mixtures relationship has been shown to represent the 
behavior of some fiber-metal composites under room temperature and elevated 
temperature tensile conditions as well as under stress-rupture conditions. 
Creep resistant, high strength composites as well as low temperature fiber 
composites appear to have great promise. Same attempts have been made to 
produce practical engineering materials utilizing fundamental as well as 
developemental concepts. Encouraging results have been obtained in the 
production of these materials. These results coupled with the potentials 
indicated from more fundamental programs suggest that unusual fiber-metal 
composites will be produced in the near future. These mechanism studies 
should further encourage the development of practical engineering materials. 
Fibrous materials, specifically designed for incorporation in a metallic 
matrix must be developed before fiber-metal composites even begin to 
approach their achievable pod;entia.ls . 
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Figure 1. - Tungsten-reinforced copper composite containing 
483 5-mil-diameter wires. Transverse section; unetched 
(ref. 3); X50. 
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Figure 2. - Stress-strain curves for tungsten wire, copper, and 
composites reinforced with continuous 5-mil-diameter tungsten 
wire (ref. 3). 
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fiber-reinforced copper composites; continuous 5-mil- 
diameter tungsten fibers (ref. 3). 

CS -25502 Figure 3. - Ultimate tensile strengths of tungsten- 
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Figure 4. - Ultimate tensile strengths of tungsten- 
fiber-reinforced copper composites; discontinuous 5- 
mil-diameter tungsten fibers (ref. 3). 
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Figure 5.  - Schematic i l l us t ra t i on  of f o u r  stages of 
deformation of fiber, matrix, and composite. 
Stage I: elastic deformation o f  both f iber and matrix; 
stage II: elastic deformation of fiber, plastic de- 
format ion of matr ix;  stage 111: plasric deformation 
of both f iber and matr ix;  stage IV: f a i l u r e  of both 
fibers and matr ix (successive fa i l u re  of f ibers) 
(ref .  3).  
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Figure 6. - In i t i a l  modulus of elasticity of tungsten, 
copper, and  composites reinforced w i th  con t inuous  and  
discont inuous 5-mil-diameter tungs ten  fibers (ref. 3). 
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Figure 8. - Yield strength (based on secondary modu- 
lus) of composites reinforced w i th  cont inuous and 
discontinuous 5-mil-diameter tungsten fibers (ref. 3). 



Figure 9. - Longitudinal section through failed composite showing fracture edge and "neck-down" of fibers: 3-mil-diameter continuous 
tungsten fibers i n  copper matrix (ref. 3); XK). 
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Figure 10. - Schematic illustration of shear load 

transfer mechanism i n  fiber-reinforced composites 

3). (Length L corresponds to value of L used i n  
equation (2).) 
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(b) Fiber much greater than cr i t ical  length and stress level along length. 

Figure 11. - Schematic i l lustrat ion of stresses in cr i t ical  length of fiber in matrix 
and effect of increasing length upon average fiber stress. 
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Figure 12. - Experimentally determined length-to-diameter ratios for tungsten 
fibers in copper (pul l -out  load method; room temperature). Interf iber dis- 
tance, 1.6 mils (ref. 6 ) .  
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Figure 13. - Ultimate tensile strengths of tungsten-f iber - copper- 
matr ix composites as a func t ion  of volume fract ion of f ibers and 
length-to-diameter ratios. Temperature, 600" C (1212" l3; 0.008- 
inch-diameter fibers (ref. 5). 
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Figure 14. - Ultimate tensi le strengths of steel-fiber- 
reinforced silver composites (ref. 7). 
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Figure 15. - Strength-composition diagrams comparing tungsten-fiber-reinforced 
copper composites to tungsten-fiber-reinforced copper alloy composites (ref. 8). 
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Figure 16. - Strength-compo- 
sit ion diagrams comparing 
tungsten-fiber-reinforced 
copper composites to 
tungsten-fi ber-reinforced 
copper alloy composites. 
Alloying additions mutual ly 
soluble wi th fiber ma- 
ter ia l  (ref. 8). 
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Figure 17. -Tungsten fibers in  copper alloy matrices; transverse sections, as infiltrated. Diffusion pene- 
tration, recrystallization reaction zones (ref. 8). 
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Figure 18. - Tungsten fibers in copper alloy matrix; transverse section, as inf i l t rated. Copper-10 percent 
z i rconium matrix (ref. 8). 
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Figure 20. - Strength versus composition diagram for 
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diameter stainless-steel f iber in a l u m i n u m  matr ix 
(ref. 9).  
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Figure 22. -Tensi le strength-composition diagrams for tungsten-fiber- 
reinforced copper composites as a funct ion of temperature; con- 
t inuous  tungsten fibers (ref. 10). 
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Figure 23. - Tensile strength-composition diagrams for tungsten-fiber- 
reinforced copper alloy composites as a funct ion of temperature, con- 
t inuous tungsten fibers in copper plus 2 percent chromium alloy. 
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Figure 24. - Tensile strength-composition diagrams for tungsten-fiber- 

reinforced copper alloy composites as a funct ion of temperature; con- 
t inuous  tungsten fibers in copper plus 10 percent nickel alloy matrices. 



cu 
d+ 
rl 
I w 
n 

0 TUNGSTEN FIBER 
0 COPPER MATRIX COMPOSITE 
0 COPPER-NICKEL MATRIX COMPOSITE 
Q COPPER-CHROMIUM MATRIX COMPOSITE 

20 

1 6  

1 2  

LENGTH 
DIAMETER 

a 

A 

0 400 800 12M) 1600 Zoo0 
TESTTEMPERATURE, O F  

Figure 25. - Tensile strength as a funct ion of test temper- 
ature for composites containing 70 volume percent fibers 
and for individual constituents; continuous tungsten 
fibers; matrix materials, copper - 2 percent chromium 
and copper - 10 percent nickel. 
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Figure 26. -Experimentally determined length-to-diameter ratios as a funct ion of 
temperature for tungsten fibers in copper. Interfiber distance, 1.6 mi ls (ref. 6). 
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Figure 27. - Tensile strength at 1500' F as a 
function of volume percent fibers and fiber 
length for tungsten-fiber-reinforced copper 
composites (ref. 11). 
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Figure 28. -Typical examples of test 
specimens that failed in  tension or 
shear (ref. 111. 
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Figure 29. - Failure mode as a function of alignment of fibers i n  a 

discontinuous fiber-reinforced composite (ref. 11). 
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Figure 30. - Stress-rupture strengths for tungsten-fiber- 
reinforced copper composites as a function of volume 
percent fibers; continuous 5-mil-diameter tungsten 
fibers. Test temperature, 1500" F; helium atmosphere 
(ref. 14). 
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Figure 31. -Tungsten fibers in columbium-nickel matrix; transverse section, as inf i l t rated (ref .  8). 
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Figure 32. - Tungsten fibers in cobalt base alloy (5-816) matrix; transverse section, as inf i l t rated (ref. 8). 



Figure 33. - Tungsten-fiber-reinforced nickel com- 
posite showing sl ight reaction zone wi th  solid- 
state sintering. 
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Figure 34. - Ultimate tensi le strengths of silica- 
fiber-reinforced aluminum composites as a func- 
t ion of hot-pressing conditions and test tem- 
peratures; continuous si l ica fibers (ref. 161. 
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Figure 35. - Fabrication of fiber-reinforced metal matrix composites by extrusion and rolling; discontin- 
uous fibers (ref. 17). 
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Figure 37. - High temperature tensile strengths of tungsten-fiber-reinforced cobalt or  nickel base 

matrix composites; 10-mil-diameter tungsten fibers as-hot-pressed condition; test temperature, 
Moo" F (ref. 18). 
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Figure 38. - Stress-rupture l i fe  of molybdenum-fiber-reinforced 
t i tanium matrix composites compared with unreinforced titanium, 
both as a funct ion of test temperature; 10 volume percent fibers 
(ref. 17). 
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Figure 39. - Room temperature tensile strengths of tungsten-fiber-reinforced cobalt or nickel base matrix com- 
posites; discontinuous 5-and 10-mil-diameter tungsten fibers as-hot-pressed condition (ref. 18). 

(a) Transverse section; growth di- (b)  Longitudinal section; growth di- 
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Figure 40. - Microstructure of unidirectionally solidified A1-A13Ni eutectic 
specimen (ref. 19). 
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Figure 44. - Tensile strength of "in s i tu"  extruded Z r 0 2  ceramic- 

fiber-reinforced columbium matrix composites as a funct ion of 
temperature (ref.  21). 
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Figure 45. - Room temperature tensi le strength of polycrystalline o r  glassy fibers. 
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Figure 47. - Potential tensile strengths of f iber-superalloy composites, 
superalloys, and dispersion strengthened materials. 



 AVAILABLE M A T E R I A L S  
0 P O S S I B L E  N E W  M A T E R I A L S  

3 0 ~ 1 0 ~  4 0  V I 0  

I E X P E C T E D  OR 

F I B E R S  

1-1 T A R G E T  OR 
20 P O S S I B L E  S O O N  

S T R E S S  F O R  ( A L L O Y S  OR N i  
R U P T U R E  I N  

1 0 0 0  H R  
10 

B E S T  
C A S T  S T R E N G T H E N E D  C O M P O S I T E S  

S U P E R A L L O Y  M A T E R I A L S  P O S S I B L E  U S I N G  
M A T E R I A L S  
A V A  I L A  BLE 

D I  S PER S I O N  FI BER - 5  U PE R A  L L O Y  
0 

Figure 48. - Composites for stress-rupture applications possible i n  near 
future. Hypothetical target properties: 15, OOO psi, lMxl hours, 2oooo F .  
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